The ESX (or Type VII) secretion systems are protein export systems in mycobacteria and 12 many Gram-positive bacteria that mediate a broad range of functions including virulence, 13 conjugation, and metabolic regulation. These systems translocate folded dimers of WXG100-14 superfamily protein substrates across the cytoplasmic membrane; however, the architecture and 15 mechanism of translocation has remained elusive. We report the cryo-electron microscopy 16 structure of an ESX-3 system, purified using an epitope tag inserted with recombineering into the 17 model organism Mycobacterium smegmatis. The structure reveals two large a-helical membrane 18 pores of sufficient diameter to secrete folded substrates. A complex, asymmetric, multimeric 19 cytoplasmic domain is poised to gate and regulate the pore's function. Our study provides 20 mechanistic insights into the ESX systems and will guide structure-based design of drugs 21 targeting this unique bacterial translocon. 22 23 One Sentence Summary: The structure of the ESX-3 secretion system reveals a pore of 24 sufficient size for the transit of folded substrates and a complex, cytoplasmic regulatory 25 apparatus. 26 65 expression of ESX-3 ( Fig. S2A) . Four components of the complex EccB3, EccC3, EccD3 and 66 EccE3 were affinity-purified as a large molecular weight species (Fig. 1B and 1C, Fig. S2B ) 67 using a GFP-nanobody and the GFP tag was proteolytically cleaved. 68 The ESX-3 translocon complex was imaged by cryo-EM and reconstructed revealing a 69 dimeric structure which can be divided into four functionally important areas, the transmembrane 70 translocon pore, the cytoplasmic translocon gate, the cytoplasmic motor domain, and the 71
Main Text: 27 Mycobacteria use a set of specialized secretion systems called ESX to transport proteins 28 across their complex, diderm cell walls (1). Originally described as virulence factors in 29 Mycobacteria tuberculosis (2-5), orthologs of ESX have since been discovered in most gram- 30 positive bacteria (6), and are more generally referred to as Type VII secretion systems (7) . In 31 mycobacteria there are five paralogous ESX operons (ESX 1-5) each of which encodes an inner 32 membrane translocon complex consisting of three conserved Ecc proteins: EccB, EccC, and 33 EccD. A fourth protein, EccE is conserved in all ESX operons except the ancestral ESX-4 34 operon and is also considered a part of the ESX translocon complex as it copurifies with EccB, 35 EccC, and EccD (8). All Type VII secretion systems translocate proteins in the WXG100- 36 superfamily, which share a common two-helix hairpin structure and are found as homo-or 37 heterodimers (9) and are mutually dependent for secretion with other substrates (10). In contrast 38 to the general (Sec) secretory apparatus, ESX substrates have been shown to be secreted in their 39 folded, dimeric state (11). 40 Structural and functional information has been reported for truncated and isolated, inhibit virulence and kill a broad range of pathogenic mycobacteria. 60 To facilitate native purification of the translocon complex, a cleavable GFP tag was 61 inserted into the chromosome of M. smegmatis MC 2 155 wild type and ΔideR (28) strains at the 62 C-terminus of EccE3 via the ORBIT method (29) (Fig. 1A, Fig. S1 ). EccE3 is the final gene in 63 the 11 gene long ESX-3 operon making insertion at this site less likely to disrupt regulation of 64 the operon. Deletion of the iron acquisition regulator IdeR greatly increases chromosomal periplasmic multimerization domain (Fig. 1D, Fig. S3, Fig. S4 , and Table S1 ). Particles of the 72 size of a monomer or multimers larger than dimers were not observed in the electron microscopy 73 data. The resolution of the ESX-3 translocon complex varies substantially in different parts of 74 the electron microscopy map and this heterogeneity was partially resolved through data 75 processing (see supplemental text, Fig. S5 ). The ESX-3 translocon complex is comprised of ten 76 total proteins, two copies each of EccB3, EccC3, and EccE3 and four copies of EccD3. Two 77 pseudo-symmetric protomers referred to as i and ii, combine to form the ESX-3 translocon 78 complex. Each protomer contains one copy of EccB3, EccC3, and EccE3 and two 79 conformationally distinct copies of EccD3, referred to as EccD3-front and EccD3-back ( Fig. 2A) . At 80 3.7Å resolution, the translocon pore and translocon gate were possible to build de novo atomic 81 models for all observable amino acids except the two transmembrane helices of EccC3 ( Fig. 2A , 82   Table S2 ). 83 In each ESX-3 protomer, a distinct transmembrane pore is formed by the dimerization of 84 the two copies of EccD3, EccD3-front and EccD3-back ( Fig. 2B and 2C, Fig. S6A-C) . The twenty- 85 two EccD3 a-helices in each translocon pore form an elliptical, cylindrical void through the 86 membrane with C2 symmetry and a cross-sectional diameter of ~20 x 30 Å without significant 87 regions of constriction ( Fig. S6A ). The inner surface of the translocon pores are composed 88 primarily of hydrophobic residues ( Fig. S6B ) and in our maps, extended densities consistent with 89 hydrophobic lipids or detergent molecules line the inner face of the pore (Fig. S6C ). In contrast, 90 the cytoplasmic face of the translocon pores are positively charged due to the presence of four 91 basic residues (R134 and R239 from each EccD subunit) lining this region ( Fig. S6B ). Docking 92 of the known structure of the dimeric EsxG3-EsxH3 (PDB 3Q4H) (17) substrate into the 93 translocon pores reveals an opening sufficient to allow for the transit of the fully folded substrate 94 monomers and dimers ( Fig. 2D-F ). 95 The translocon gate is formed by interactions between the cytoplasmic domains of EccD3-96 front, EccE3, EccD3-back, and EccC3. In contrast to the translocon pore, the N-terminal, 97 cytoplasmic domains of EccD3 are in strikingly different orientations, driven by alternative 98 conformations of the residues joining the pore to the cytoplasmic domain (residues 100-127). 99 This region of EccD3, adopts two distinct secondary structures resulting in the asymmetric 100 placement of the cytoplasmic domains of EccD3 (Fig. 3A) . In EccD3-front, residues 100-127 are 101 bent, folding into an a-helix and forming extensive stabilizing contacts with EccB3 and EccC3 102 ( Fig. S7A-G) . In EccD3-back, residues 100-127 are extended and fold into a shorter a-helix that 103 interacts with EccE3 and the cytoplasmic domain of EccD3-front ( Fig. S7H ). This conformational 104 flexibility suggests that residues 100-127 may act as a hinge that changes its conformation during 105 the secretion cycle, facilitating the movement of substrates from the cytoplasm to the 106 translocation pores or blocking transit through the pores. 107 The next component of the translocon gate is EccE3. EccE3 is positioned at the front of 108 the ESX-3 translocation complex, interacting with helix 11 of EccD3-front in the membrane and 109 then extending into the cytoplasm ( Table S4 ). Two helices in the cytoplasmic region of EccE3 between amino acids 133 and 113 163 form extensive stabilizing interactions with both subunits of EccD3 (Fig. S8F ). These 114 interactions hold the hinge region of EccD3-back in the extended conformation and sterically 115 hinder EccD3-back from assuming the bent conformation seen in EccD3-front ( Fig. S8G ). Table S3 ). The two EccB3 periplasmic domains share a large interaction interface across 146 the protomers further stabilizing dimerization. Homology models of two EccB3 proteins can be 147 docked into the periplasmic domain ( Fig. S9C ), however, this region is not resolved sufficiently 148 to identify specific interactions. The majority of cross-protomer interactions involve EccB3 149 suggesting the periplasmic domain is essential for oligomerization. 150 The ESX-3 structure presented here is purified without the addition of substrates or Figs. S1 to S11 15
Tables S1 to S4 16 17
Materials and Methods 18
Strain construction 19
Mycobacteria smegmatis MC 2 155 wild type and ΔIdeR cells were chromosomally tagged 20 using the ORBIT protocol ( Fig S1) . For wild type cells, the integrase expressing plasmid was 21 pkm444. For ΔIdeR cells which already contained a kanamycin resistance marker, a zeomyocin 22 resistance cassette was inserted into the pkm444 plasmid at the EcoIV restriction site. The Samples were prepared in a total volume of 10 µl using 0.25µl 5% G-250 sample additive. 68
Electrophoresis was performed using light blue cathode buffer at a constant voltage of ~ 105 V 69 for 3.5 h at 4°C. The gel was fixed and stained using the Pierce silver stain kit. 70
Cryo electron microscopy -data acquisition 71
Samples were frozen for cryo electron microscopy. Quantifoil R1.2/1.3, 400 mesh, 72 cooper grids were glow discharged using a Solarus plasma cleaner (Gatan) with an H2/O2 73 mixture for 30 seconds. 2µl of sample were applied per grid and the grids were plunged into 74 liquid ethane using a FEI Vitrobot Mark IV. 75
Initially, samples were screened, and test data sets were collected on a FEI Talos Arctica 76
200kV microscope equipped with a Gatan K2 Summit detector. For the initial screen of freezing 77 conditions, 834 movies were collected at a magnification of 36,000 with a pixel size of 1.14, and 78 a defocus range of -1.5 to -2.5 µm, an exposure time of 9 seconds, and a dose rate of 7 79 electrons/Å 2 /second. (Table S1 ). Data collection for the final structure presented in the main text 80 was collected on a FEI Titan Krios at 300kV with a Gatan K2 Summit detector. Two imaging 81 sessions were used. In the first imaging session, 2705 movies were collected at a magnification 82 of 29,000 with a pixel size of 0.82, and a defocus of -0.4 to -1.2 µm, an exposure time of 10 83 seconds to collect 100 total frames, and a dose of 8 electrons/Å 2 /second. (Table S1 ). In the 84 second imaging session, data was collected on the same microscope with the same detector, 4632 85 movies were collected at a magnification of 29,000 with a pixel size of 0.82, and a defocus range 86 of -0.6 to -1.4 µm, an exposure time of 10 seconds to collect 80 total frames, and a dose of 6.7 87 electrons/Å 2 /second. 88
Cryo electron microscopy -data processing 89
For all data, movies were motion corrected using MotionCor2(1) and CTF correction was 90 performed using CTFfind4(2). For the Arctica dataset, particles were picked using a gaussian 91 blob in either RELION(3) or cisTEM(4) and initial 2D classification was performed to remove 92 obvious junk particles. Initially, a shotgun approach was taken to generate several initial models 93 using RELION, cisTEM, and cryosparc(5). Once an initial model which contained realistic low-94 resolution features was generated, a user defined descent gradient was performed to improve the 95 model with the goal of achieving accurate secondary structure features. First, all particles 96 selected during 2D classification were refined in 3D against the randomly generated initial 97 model. Second, a round of 3D classification with 4 classes and default RELION settings was 98 performed and the best class selected. Third, the best class was refined as a single class in 3D 99 classification with increasing Tau2_Fudge and decreasing search angle size. The resulting EM 100 density map had clear transmembrane helix densities and was used as the model for a new 3D 101 reconstruction. This reconstruction was used to back project models for reference-based particle 102 picking in RELION. Two rounds of 2D classification were performed and the best classes 103 selected. One round of 3D classification was performed using the Tau2_Fudge value optimized 104 during the previous run through (T=12) and the best class selected. A final 3D reconstruction of 105 the Arctica data set yielded a map of about 4.7Å resolution (Fig. S9) . 106
After motion correction and CTF determination, the final Titan Krios dataset was 107 processed entirely using RELION. Particles were picked using a gaussian blob, and extracted as 108 4x binned particles. Two rounds of initial 2D classification were performed with T=3 on the 109 binned particles and obvious junk particles were removed. The final reconstruction from the 110 Arctica dataset was used as the initial model for a 3D reconstruction of the binned particles. 3D 111 classification with 4 classes and the previously optimized Tau2_Fudge value, T=12, was 112 performed on the binned particles. The two best class were selected and re-extracted without 113 binning. A 3D reconstruction was performed. A mask was created for the high-resolution region 114 of the reconstruction and 3D classification without image alignment was performed focused on 115 this region. The best class was selected and the subsequent 4.0Å reconstruction is the consensus 116 structure for the entire complex (Fig. S3 ). Focused classification of each protomer, the 117 periplasmic EccB region, and the ATPase 1,2, and 3 domains of EccC were performed. To 118 perform focused classification, the center of mass of the region of interest was determined using 119 chimera(6). Particles were recentered on this area and reextracted. Masks for the region of 120 interest were generated and 3D classification without image alignment was performed. The best 121 class was selected and used for a focused 3D reconstruction without image alignment of the 122 region of interest. A reconstruction was generated and density outside of the region of interest 123 was subtracted. A final reconstruction of the masked and density subtracted particles was then 124 performed. This procedure improved the resolution of the protomers to 3.75Å (left) and 3.83Å 125 (right), 5.6Å resolution for the EccB periplasmic domain, and ~10Å resolution for the EccC 126 lower cytoplasmic region. 127
To generate the symmetry expanded protomers based on non-point group symmetry (also 128 known as non-crystallographic symmetry or NCS), a transformation matrix between the two 129 protomers was calculated using chimera. Particles were then transformed and aligned using the 130 subparticles.py and star.py utilities in pyem[cite] resulting in a particle stack with twice as many 131 particles as the input file, each focused on protomer i or protomer ii. Density subtraction was 132 performed to remove density outside of the symmetry expanded protomer, and focused 133 classification and refinement were performed as described above. This procedure improved the 134 resolution of the symmetry expanded protomer to 3.69Å resolution. 135
Atomic model building 136
The cytoplasmic domain from the crystal structure of EccD1 (PDB 4KV2) was docked 137 into the cytoplasmic domains of the two EccD3 molecules and the sequence was mutated. The 138 remaining transmembrane domains of EccD3 and the residues 14-93 of EccB3 were built de novo 139 in Coot(7) using baton building. The alpha helices of EccE3 and EccC3 were initially modeled 140 using the RaptorX(8) homology server. The loops and strands of EccE3 and EccC3 were built in 141 Coot using baton building. All models were subsequently refined individually, as a symmetry 142 expanded protomer, left and right protomers, and as the full model using phenix real space 143 refine(9), Coot, and the MDFF(10) server, namdinator(11) ( Table S2) . 144
Low resolution modeling 145
The left and right protomer map, periplasmic focused refined map, and lower cytoplasmic 146 focused refined map were all docked into the consensus map and added together using chimera. 147
The combined map was filtered to 10Å resolution to match the lowest resolution component. 148
Homology models for amino acids 94-516 of EccB3, the transmembrane helixes of EccC3, and 149 404-1268 of EccC3 were generated using RaptorX. These models were fit into the combined map 150 density using the fit map to model utility in Chimera. The full model was refined using 151 phenix.real_space_refine. 152
Model interpretation and display 153
The pore diameter and properties were analyzed using MOLE(12). Buried surface area 154 between subunits was calculated by PISA(13). Atomic models for individual proteins were 155 compared against the PDB using the DALI server(14). Chimera and chimerax(15) were used to 156 display maps and models for figure creation. 157
Supplementary Text 158
Initially, the entire ESX-3 translocon complex was reconstructed to 4.0Å resolution (Fig.  159   S5A) . Using symmetry expansion, and focused classification and refinement techniques, the 160 resolutions of targeted regions of the ESX-3 complex were improved to 3.7Å for the 161 transmembrane region and upper cytoplasmic region (Fig. S5B-D) , 5.5Å resolution for the 162 periplasmic region (Fig. S5E) , and 10Å resolution for the lower cytoplasmic region (Fig. S5F) . 
